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Abstract
The purpose of computational phylogenetics is to assemble a branching diagram or tree that represents a hypothesis regarding
the evolutionary relationships of an entity set. Phyletic trees and cladograms are well-known methods for expressing phyletic
relationships. Although many estimating methods for cladograms have been proposed, few studies have examined automatic
estimation of phyletic trees because, in our opinion, most biological entities do not have birth year information. On the other
hand, targets in cultural phylogenetics may have birth year information. Therefore, we propose a method to estimate phyletic
trees for cultural phylogenetics using estimated cladograms and birth order information. First, we define necessary conditions for
estimating phyletic trees from cladograms and birth order. We then propose an algorithm for estimating phyletic trees that satisfy
these conditions. We demonstrate that the phyletic trees estimated by the proposed algorithm satisfy the defined conditions. Our
experimental results show that the proposed estimation method obtained approximately 70% estimation accuracy for some targets.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of KES International.
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1. Introduction
In biology, phylogenetics is the study of evolutionary relationships among groups of organisms. Phylogenetic trees
and networks are used to visualize evolutionary relationships. Various methods to estimate phylogenetic trees5,7,2
and networks8 from genetic information have been researched. In recent years, cultural phylogenetics that identifies
evolutionary relationships in cultural and linguistic data has been studied actively1,6. Most of those studies applied a
computational phylogenetic method to cultural targets and analyzed the results12.
A cladogram is a diagram that shows relationships among organisms; however, it does not show how ancestors
are related to descendants, i.e., the branching points of a cladogram represent a hypothetical ancestor (not an actual
entity). On the other hand, the branching points of a phyletic tree represent actual entities.
Cladograms are commonly used in phylogenetics and cultural phylogenetics. Many methods to estimate clado-
grams, such as the maximum-parsimony method4, the unweighted pair-group method with arithmetic mean (UP-
GMA)14, and the neighbor-joining method13, have been proposed. Estimation of phyletic trees is diﬃcult; thus, very
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Fig. 1. A cladogram (a) and a phyletic tree (b). White circles represent virtual ancestors and black circles represent actual entities
little research has examined automatic estimation of phyletic trees15. Estimation of phyletic trees requires that birth
order information be added to characteristic information. Most targets in biology do not have birth order information,
but several cultural targets do possess such information. Thus, we attempt to estimate phyletic trees using the birth
order of targets.
The remainder of this paper is organized as follows. We first define the necessary conditions for estimating phyletic
trees and propose an algorithm to estimate a phyletic tree from a cladogram and birth order information. We then prove
that the phyletic trees estimated by the proposed algorithm satisfy the necessary conditions. Finally, we evaluate to
what degree the estimated phyletic trees reproduce the correct trees.
2. Estimation of phyletic trees
2.1. Cladograms and phyletic trees
Nelson defined two methods to express a phyletic relationship for phylogeny11. One is a cladogram and the other
is a phyletic tree. Each method uses lines that branch in diﬀerent directions and end at groups of organisms.
Branching points in the cladogram represent a hypothetical ancestor (not an actual entity), as shown in Fig. 1(a).
Cladograms express brother relationships between targets. Note that branching points in a phyletic tree represent an
actual entity, as shown in Fig. 1(b). Phyletic trees express the ancestor-descendant relationships between targets. Many
methods for generating cladograms have been proposed. Thus, we use generated cladograms to estimate phyletic trees.
2.2. Necessary conditions
We assume that birth order, which is all order relation information, is given in our targets. We then estimate phyletic
trees from cladograms and birth order information.
We define two conditions that must be satisfied by the phyletic trees estimated using cladograms and birth orders.
2.2.1. Birth order condition
Phyletic trees express ancestor-descendant relationships among targets. The birth order of an ancestor should be
earlier than that of its descendant. We define the birth order condition as follows.
Definition 1. Birth order condition: the birth order of an ancestor node is earlier than that of its descendant node
for all ancestor-descendant relationships in the estimated phyletic tree.
2.2.2. Cluster condition
Subtrees in cladograms express cluster relationships for targets, as shown in Fig. 2(a). Subtrees in phyletic trees can
also be considered as clusters (Fig. 2(b)). A parent node of a cluster in a phyletic tree and several clusters connected
through the parent node can also be considered as a cluster. Thus, when a set of nodes in a phyletic tree consists of
the following, we assume that it is a cluster.
a) A node R
826   Atsuko Mutoh et al. /  Procedia Computer Science  60 ( 2015 )  824 – 833 
Fig. 2. Clusters of a cladogram (a) and a phyletic tree (b)
Fig. 3. Example of clusters in a phyletic tree
b) One or more child nodes of R
c) All descendant nodes of b)
Figure 3 shows an example of a cluster in a phyletic tree. A phyletic tree estimated from a cladogram should express
all cluster relationships of the cladogram. We define a cluster condition as follows.
Definition 2. Cluster condition: a phyletic tree estimated from a cladogram includes all clusters in the cladogram.
3. Proposed method
We propose an algorithm to estimate a phyletic tree from a cladogram and birth order to satisfy the previously
discussed conditions. The input and output of the proposed algorithm are as follows.
• Input: cladogram C and its birth order O (i.e., all order relations)
• Output: phyletic tree P
Figure 4 shows an example of estimating a phyletic tree from a cladogram and birth order using the proposed algo-
rithm. Figure 4(1) is the inputed cladogram. Here, internal nodes (white circles) are vertical ancestors, and the black
circles represent the actual targets. The alphabetical order in Fig. 4 shows the birth order of targets. The proposed
algorithm replaces an internal node in a cladogram with the youngest node among its child nodes. We refer to this
replacement process as operation A. The phyletic tree shown in Fig. 4(4) is constructed by repeating operation A in
order from a deep internal node.
3.1. Expressions of cladograms and phyletic trees in proposed algorithm
Here, we describe methods for expressing cladograms and phyletic trees in the proposed algorithm.
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Fig. 4. Example of estimating a phyletic tree using the proposed algorithm
Fig. 5. Cladograms (a) and phyletic trees (c) expressed as matrices (b) and (d), respectively
The matrix shown in Fig. 5(b) corresponds to the cladogram shown in Fig. 5(a). Cladograms are expressed as an
(N − 1) × 2 matrix, where the number of targets is N. N targets and clusters are written as letters and numbers in the
matrix, respectively. The matrix shows the process of connecting clusters.
The adjacency matrix shown in Fig. 5(d) corresponds to the phyletic tree shown in Fig. 5(c). Phyletic trees are
expressed as an N × N adjacency matrix. The proposed algorithm for estimating phyletic trees determines whether to
draw a directed side in the adjacency matrix.
3.2. Proposed algorithm
Figure 6 shows the proposed algorithm for estimate phyletic trees from cladograms and birth order.
The oldest node among the child nodes of a cluster i is stored in old[i].
Fig. 6. Proposed algorithm for estimating a phyletic tree
3.3. Computational complexity
The proposed algorithm executes operation A for no more than (N − 1) internal nodes in a cladogram, where the
number of targets is N. Thus, the proposed algorithm may have O(N) computational complexity.
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4. Satisfying necessary conditions
Here, we prove that the phyletic trees estimated by the proposed algorithm satisfy the two conditions defined in
Section 2.3, i.e., the birth order and cluster conditions.
Theorem 1. A phyletic tree P estimated by the proposed algorithm from a cladogram C and birth order O satisfies
the birth order condition.
Proof 1. A parentʖchild relationship has the following features when the proposed algorithm executes operation A.
a) All parentʖchild relationships in the estimated phyletic trees are constructed using by operation A.
b) A birth order of a parent is earlier than that of its child in all parent-child relationships constructed by opera-
tion A.
c) Once constructed, a parent-child relationship cannot change.
All parent-child relationships in the estimated phyletic trees satisfy the given birth order because the proposed al-
gorithm executes operation A for all internal nodes. Thus, all relationships among ancestors and descendants also
satisfy the given birth order. Therefore, phyletic tree P estimated by the proposed algorithm from cladogram C and
birth order O satisfies the birth order condition.
Theorem 2. All clusters in phyletic tree P estimated by the proposed algorithm satisfy the cluster condition.
Proof 2. We demonstrate that a minimum cluster and clusters connected to each cluster in cladogram C satisfy the
cluster condition.
I. Minimum clusters ɹ
Cu is the minimum cluster in cladogram C. When |Cu| = 1, Cu satisfies the cluster condition. Consider the case
of |Cu| = 2. An internal node that is a common vertical parent of a minimum cluster Cu is replaced by one of
the nodes in Cu by operation A of the proposed algorithm (Fig. 7(a)). Rin is a new parent node. In this state,
Cu satisfies the cluster condition.
In the next state, assume that Rin and another node Rex execute operation AʢFig. 7(b)ʣ. When an internal
node that is a common vertical parent of Rin and Rex is replaced by Rout using operation A, Rin is placed as a
child of Rout, and the structure of Cu does not changeʢFig. 7(c)ʣ. On the other hand, when Rout is placed as
a child of Rin, Cu satisfies the cluster conditionʢFig. 7(d)ʣ. Even if any child nodes are added to Rin after this
state, Cu satisfies the cluster condition.
From the above, minimum cluster Cu of cladogram C always satisfy the cluster condition in the phyletic tree P.
II. Connected clusters ɹ
We assume that Ct is a cluster constructed by all nodes under Rin in Fig. 8(a), and a proper subset of Ct satisfies
the cluster condition. Then, an upper internal node Rp is replaced by Rin or Rout that is outside the cluster Ct
using operation A. In either case, this phyletic tree satisfies the cluster conditionʢFig. 8(b), (c)ʣ.
Then, a cluster connected to each cluster always satisfies the cluster condition in the estimated phyletic trees.
From I and II, all clusters in phyletic tree P estimated by proposed algorithm always satisfy the cluster condition.
5. Experiment
To evaluate the proposed algorithm, we applied it to targets with simulated-phyletic relationships. Then, we can
compare the estimated phyletic tree with the faithful phylogeny.
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Fig. 7. Replacement of nodes in cluster Cu by operation A Fig. 8. Phyletic trees of cluster Ct constructed by operation A
Fig. 9. Generating phyletic relationships
Table 1. Experimental parameters
Parameter Value
Population size 100
Gene size 1000
Selection rate for survival 0.1
Selection rate for reproduction 0.5
Selection method Roulette selection
Mutation rate 0.01-0.5
Terminal generation 100
5.1. Simulated-phyletic relationships
We generated phyletic relationships based on genetic algorithms. Figure 9 shows the flow for generating phyletic
relationships. All characteristics and the birth order of all individuals generated by this flow are saved. This informa-
tion is then used as faithful phylogeny relationships to evaluate the proposed algorithm.
We compared the estimated phyletic trees Pe = (Ve, Ee) with the faithful phyletic trees Ps = (Vs, Es) generated by
the simulation. Though various measures have been proposed for comparison of trees, such as the edit distance10,
we focus on parent-child relationships and use equation (1) as an evaluation function that shows the matching rate of
edges between Pe and Ps.
match(Pe) = |Es ∩ Ee||Es| . (1)
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Fig. 10. Average matching rate of edges at each mutation rate in 100 trials
5.2. Results and discussion
Table 1 shows the parameters used in our experiments. We changed the mutation rate for generating children from
0.01 to 0.5 and calculated the matching rate of edges for each phyletic tree. Since we could not find other practical
estimating method for phyletic trees automatically, we conducted experiments with randomly generated phyletic trees
in addition. We used the UPGMA to estimate cladograms. Figure 10 shows the average matching rate of edges at each
mutation rate in 100 trials. As can be seen, the matching rates of phyletic trees estimated by the proposed algorithm
are greater than that of the randomly generated phyletic trees and are relatively high when the mutation rate is less than
0.3. In addition, as the mutation rate increased, the average matching rate of edges decreased because the estimation
of phyletic trees becomes more diﬃcult since the diﬀerence of characteristics between parents and children increased
as the mutation rate increased. Figure 11, 12(a), and 12(b) show examples of a cladogram, a phyletic tree estimated
by the proposed algorithm, and a faithful phyletic tree for a simulated mutation rate of 0.2 and 10 generations for
simplicity. Numbers show the birth order of targets. Bold lines indicate matched edges between Fig. 12(a) and (b) .
The matching rate of edges between them was 0.72. We can confirm that the estimated phyletic tree partly resembles
the faithful phyletic tree.
6. Conclusion
It is important to analyze evolutionary relationships among groups of organisms. Although many methods to
estimate cladograms have been proposed, there are few methods for estimating phyletic trees automatically. In this
paper, we have proposed an algorithm to estimate phyletic trees automatically.
We first defined the necessary conditions for estimating phyletic trees from cladograms and birth order information.
We then proposed an algorithm to estimate phyletic trees that satisfy these conditions. We demonstrate that the phyletic
trees estimated by the proposed algorithm satisfy the defined conditions. In our experiments, we confirmed that the
proposed method demonstrates relatively high estimation accuracy.
In future, we would like to apply the proposed algorithm to actual targets in cultural phylogenetics. However,
cultural targets are generated by receiving influence from some products. Although many researchers use cladograms
that can express these targets, such as a Neighbor-net3 or a SplitsTree9, the proposed algorithm cannot estimate
phyletic trees from such cladograms. This is the most important issue for future consideration.
In addition, data are often missing for real-world targets. Therefore, we must consider the behavior of the proposed
method for targets whose birth order is only partially known.
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Fig. 11. Example of cladogram estimated by the UPGMA
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(a) An estimated phyletic tree
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(b) A faithful phyletic tree
Fig. 12. Example of phyletic tree estimated by the proposed algorithm (a) and a faithful phyletic tree (b)
833 Atsuko Mutoh et al. /  Procedia Computer Science  60 ( 2015 )  824 – 833 
Acknowledgements
This work was supported by the Japan Society for the Promotion of Science KAKENHI Grant Number 26730154.
We gratefully acknowledge the support of Dr. Miwa Sakata.
References
1. Adrian C Barbrook, Christopher J Howe, Norman Blake, and Peter Robinson. The phylogeny of the canterbury tales. Nature, Vol. 394, No.
6696, pp. 839–839, 1998.
2. David Bryant and Jens Lagergren. Compatibility of unrooted phylogenetic trees is fpt. Theoretical Computer Science, Vol. 351, No. 3, pp.
296–302, 2006.
3. David Bryant and Vincent Moulton. Neighbor-net: an agglomerative method for the construction of phylogenetic networks. Molecular
biology and evolution, Vol. 21, No. 2, pp. 255–265, 2004.
4. James S Farris. Methods for computing wagner trees. Systematic Biology, Vol. 19, No. 1, pp. 83–92, 1970.
5. Joseph Felsenstein. Numerical methods for inferring evolutionary trees. Quarterly Review of Biology, pp. 379–404, 1982.
6. Russell D Gray and Quentin D Atkinson. Language-tree divergence times support the anatolian theory of indo-european origin. Nature, Vol.
426, No. 6965, pp. 435–439, 2003.
7. Dan Gusfield. Eﬃcient algorithms for inferring evolutionary trees. Networks, Vol. 21, No. 1, pp. 19–28, 1991.
8. Dan Gusfield, Satish Eddhu, and Charles Langley. Eﬃcient reconstruction of phylogenetic networks with constrained recombination. Bioin-
formatics Conference, 2003. CSB 2003. Proceedings of the 2003 IEEE, pp. 363–374, 2003.
9. Daniel H Huson and David Bryant. Application of phylogenetic networks in evolutionary studies. Molecular biology and evolution, Vol. 23,
No. 2, pp. 254–267, 2006.
10. Philip N. Klein. Computing the edit-distance between unrooted ordered trees. Proceedings of the 6th Annual European Symposium on
Algorithms, pp. 91–102, 1998.
11. Gareth Nelson and Norman I Platnick. Systematics and biogeography: cladistics and vicariance, Vol. 214. Columbia University Press New
York, 1981.
12. Michael J O’Brien, John Darwent, and R Lee Lyman. Cladistics is useful for reconstructing archaeological phylogenies: Palaeoindian points
from the southeastern united states. Journal of Archaeological Science, Vol. 28, No. 10, pp. 1115–1136, 2001.
13. Naruya Saitou and Masatoshi Nei. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Molecular biology
and evolution, Vol. 4, No. 4, pp. 406–425, 1987.
14. R. R. Sokal and C. D. Michener. A statistical method for evaluating systematic relationships. University of Kansas Scientific Bulletin, Vol. 28,
pp. 1409–1438, 1958.
15. Takeyuki Tamura. Inferring pedigree graphs from genetic distances. IEICE transactions on information and systems, Vol. 91, No. 2, pp.
162–169, 2008.
